The results of an experimental research of the dependence of photoluminescence (PL) intensity in region about 800 nm for silicon nanoinclusions (quantum dots) obtained by Si ion implantation in Si0 2 on the dose of Si ions at two temperatures of an annealing Tan = 1000 and 11000 C are presented. It is established that in both cases the dependences have the shape of the curves with a maximum. For 11000 C the maximum is shifted to the lower dose. The influence of an additional ion doping by the phosphorus on intensity of PL is investigated depending on the dose (concentration) of P and the dose of the silicon at T., = 10000 C. It is shown, that in all the investigated region of P doses, the presence of P enhances the PL. The degree of the enhancement increases with the P dose, but the rate of the intensity enhancement goes down. With the growth of Si dose at the constant dose of P, the degree of the enhancement decreases. In an approximation of an effective mass, the energy spectra of a quantum dot are calculated at the presence of one or several P atoms for various their arrangement.
INTRODUCTION
The system of silicon nanoinclusions (NI) in Si0 2 (Si0 2 :nc-Si) attracts the great attention in connection with the prospects of its use in the silicon optoelectronics. Ion implantation is one of the most common methods of the Si0 2 :nc-Si production [1-51. The important parameter is the intensity of the photoluminescence (IPL) for the constant intensity of the excitation. This is especially important taking into account a small thickness of nc-Si layer for ordinarily ion energies. Generally, IPL depends on the several factors: NIs number, their sizes, the availability and the concentration of the centers of a nonradiative recombination. These factors are sensitive to the conditions of the ion implantation (ion energy and dose), the conditions of the annealing (temperature and time), and also the presence of the impurities. In [6, 7] was shown that for a fixed annealing temperature T•n -10000 C (the annealing time, t-, = 2 hours), IPL can be adjusted by the choice of a dose. At that, the sizes of NI practically do not vary, and their density grows. The IPL growth proceeds up to the dose for which the NI joining begins due to their high concentration. Also, it was established that IPL can be essentially increased by the additional implantation of phosphorus. The position of the PL peak occurs practically independent on the phosphorus doses. In the report, the results of a prolongation of these investigations are presented. The dependence of IPL on the dose of silicon was taken at the more high temperature of an annealing -11000 C. The influence of the doping by P was investigated depending on Si and P dose. The theoretical research of the influence of impurity atoms contained in the quantum dots (QD) on the energy spectra and on the energies of the radiative interband transitions is continued.
EXPERIMENTAL
The SiO 2 layers with the thickness of 300 -600 nm were grown up on the silicon in a "dry -wet -dry" cycle. Ion implantation by Si' and P" was provided at the energy of ions E = 150 keV and the ion current densities j < 3 pA/cm 2 . The postannealing was carried out in the dry nitrogen atmosphere. The photoluminescence (PL) spectra were measured at the Ar laser excitation (X. = 488 nm) with a power density about 50 W/cm 2 .
RESULTS AND DISCUSSION
For all the annealed after the Si÷ implantation layers, the PL spectra with a maximum close to 800 nm are observed. Such spectrum is typical for Si Nis in SiO 2 . In (si (1017 cm 2 ) Fig.] . The silicon dose (0s%) dependencies of PL peak intensity at two annealing temperatures. T,,,: I -10000 C, 2 -11000 C.
and NI joining at higher doses. It is evident that for I 10(0 C the IPL dependence on the dose has a similar shape -the curve with the maximum, but the position of the maximum is shifted to the lower doses. It is naturally to explain by the fact that the rate of NI nucleation increases with the annealing temperature, therefore for the same concentration of the excess silicon atoms, the NI density is higher. However, the model used earlier for T-. = I(XV)° C does not allow to explain quantitatively the IPL dependence on the dose for T-= 1100' C. Perhaps, it is necessary to take into account other factors, such as Ostwald rippening, the role of which would increase with T, 0 .. In Fig.2 , the dependence of F = I/I,, (the ratio of IPL for SiO 2 :nc-Si additionally doped by phosphorus and those versus without phosphorus doping) on phosphorus dose is shown. With growth of the dose, the F magnitude increases. In [6, 7] , the model is suggested according to which the IPL enhancement at the phosphorus doping is connected with the action of two mechanisms: the passivation of the disrupted bonds (hence, the decrease of the nonradiative recombination rate) and the appearance of additional electrons in the conductivity band of QD. In our case, unlike [5] , the decrease of the IPL at the high P concentration is not observed. In Fig.3 , the F dependence on the Si dose at the constant P dose is presented. The decrease of F with Si dose can be caused by the reduction of P atoms number contained in each NI with the increase of the amount of the latter. This is possible if a redistribution of the phosphorus between SiO 2 and NIs during the annealing takes place. 
THEORETICAL ACCOUNTS
To prove theoretically the absence of the essential shifts of the PL peak at the doping by phosphorus, the calculations of the electronic energy spectra and of the optical gap of QD in the envelope function approximation were carried out. For solving the problem we were made the following assumptions: 1) the quantum dots have the spherical shape: 2) the impurity ions create a field of a hydrogen-like type; 3) spin-orbit interaction can be neglected: 4) the silicon quantum dots are placed in a dielectric matrix. For the definition of energy levels we must solve the equation for the envelope functions
Hjv Fv (F)= EFP() HI
where E is the electron energy which is counted off the top of the valence band, and operator H.v represents the single-electron Hamiltonian which was written in a k -approximation. Near tile X-point in a conduction band the Hamiltonian is represented by a 2X 2 matrix: The Hamiltonian H9v takes into account the real silicon band structure possessing rather strong anisotropy. However, in spite of this, the anisotropy of the dispersion law can be described by means of a perturbation theory, as well as a Coulomb interaction with impurity ions. Solving equation (I) we find the several lowest energy levels in the conduction band and several highest energy levels in the valence band and also their dependence on number K for different types of an impurity distribution. Then the change of the optical gap A due to the presence of an impurity in the quantum dot can be written as
where vector h means the set (i1 ;, 2 ;"... h ).
The results of our calculations are presented in the Table. The gap A_ (0) corresponds to the case when the potential barriers height is assumed infinite. In this case the magnitude of the optical gap without impurity has the greatest value. If we have taken into account the finite height of the barriers (3.1eV for electrons and 4.4eV for holes), the gap will be less (A 1 (0) in the Table. 1). The smallest values of the gap are obtained when we take into account not only the finite height of the barriers, but also the discontinuity of the effective mass on the boundary of the quantum dot. The gap A 2 (0) was calculated for the case when the electron effective mass in the dielectric matrix equals m 0 and does not coinsides with the masses me or Mh, in the silicon quantum dot. As we can see, the differences between A (0) and A 2 (0) are rather significant. Note that the values A2(0) for different sizes of the quantum dot are in good agreement with the experimental data [9, 10, 11] and with the theoretical calculations of other authors who used another methods (such as local density approximation [12] , tight-binding model [13, 14] or pseudopotential method [15, 16] ).
The calculations of the optical gap shift 8(K,h) were carried out in the framework of more simple model with the infinite barriers. Another models with the finite height of the barriers are significantly more complicated for the calculations, and as the estimations have shown, the results do not differ essentially. The position of the energy levels and hence the value 8 will be depend not only on the quantity of donors but also on the distribution of ions inside the quantum dot. Since it is impossible to obtain the analitical expression for the shift 8 in a general case, we consider a three kinds of impurity distribution which correspond to some extreme situations. One of these is the case, when impurity ions distributed by the centrally-simmetric way on the boundary of the quantum dot (hi = R). As the calculations have shown, in this case 8 = 0 irrespective of the donors number K . In the other case, when all the impurity atoms are situated at the centre of the quantum dot (hi = 0, actually h 1 << R), the shift 8, which is denoted by 81 in the Table, is nonzero. The last case corresponds to the maximum asymmetric distribution with the maximum electrical dipole momentum, when all the impurity atoms are situated in one place on the boundary of the quantum dot. This distribution type gives more significant shift 82 (see the Table. I) .
As it has been seen from the table the magnitude of the shift is rather small almost in all cases, shown in the Table, excluding the case of the maximum asymmetric distribution with the large number of donors ( K = 5). However, it is clear, that this kind of the distribution is hardly realized in experiments and the possibility of stich configurations strongly decreases with increasing K . Hence, the contribution of the asirnmetric configurations with the maximum dipole momentum will be negligible. In reality, the impurity atoms, perhaps, are randomly situated inside the NI. Therefore, the true magnitude of 8 for K < 5 woukd be somehow averedged one between --0.
2 eV and zero, e.g. -0. 1eV < 5 < 0. For the case K >> 1, the consideration becomes not justified enough because: (i) the interaction between impurity atoms must be taken into account (the approximation of isolated atoms can be not right): (ii) the validity of the perturbation theory can be violated. Thus, the magnitude8, obtained experimentally, can not exceed a several per cents from the magnitude of the gap and the shift of the luminescence peak in the presence of phosphorus must be rather small.
